To detect extremely small magnetic fields generated by the human brain, currently all commercial magnetoencephalography (MEG) systems are equipped with low-temperature (low-T c ) superconducting quantum interference device (SQUID) sensors that use liquid helium for cooling. The limited and increasingly expensive supply of helium, which has seen dramatic price increases recently, has become a real problem for such systems and the situation shows no signs of abating. MEG research in the long run is now endangered. In this study, we report a MEG source localization utilizing a single, highly sensitive SQUID cooled with liquid nitrogen only. Our findings confirm that localization of neuromagnetic activity is indeed possible using high-T c SQUIDs. We believe that our findings secure the future of this exquisitely sensitive technique and have major implications for brain research and the developments of cost-effective multi-channel, high-T c SQUID-based MEG systems.
Since the first neuromagnetic recordings, reported by David Cohen 1, 2 in the early seventies, magnetoencephalography (MEG) has successfully established itself as the method of choice for time-critical investigations of the spatiotemporal propagation of neural activity in neurological and psychiatric research. All current commercial MEG systems are based on low-T c superconducting quantum interference devices (SQUIDs), which require liquid helium for operation at 4.2 K. However, the increasing number of MEG systems worldwide, and the rapidly growing number of magnetic resonance imaging (MRI) scanners in recent years, have led to a scarcity of liquid helium and consequently a dramatic price increase (about 400%)-with further increments expected. 3, 4 Recently, Sander and colleagues 5 have shown that optical spectroscopy-based chip-scale atomic magnetometers (CSAMs) with a magnetic sensitivity of about 200 fT= ffiffiffiffiffi ffi Hz p at 10 Hz are capable of recording spontaneous and somatosensory evoked neuromagnetic fields. Moreover, Johnson et al. have used this technology to measure brain responses from auditory and median nerve stimulation. 6 The magnetic field resolution of commercial MEG systems based on low-T c SQUIDs is usually better than 5 fT= ffiffiffiffiffi ffi Hz p and is determined by the intrinsic SQUID noise, the Nyquist noise of the cryostat, and the magnetically shielded room (MSR). 7, 8 While for magnetocardiography (MCG), high-T c SQUID studies have been proven to provide sufficient sensitivity for MCG data analysis, 9-12 earlier attempts to study brain signals using high-T c SQUIDs showed that the sensitivity, in particular, in the low frequency range (<10 Hz) of such sensors was still insufficient for source analysis of the tiny MEG signals when compared to standard low-T c SQUIDs. 13, 14 Recently, € Oisj€ oen and colleagues 15 have demonstrated recordings of spontaneous human brain activity using a single-and two-channel high-T c SQUID system with sensors placed in individual cryostats separated by more than 10 cm, and a head-to-sensor distance of about 3 mm. They showed field changes and spectrograms of alpha rhythms from unaveraged high-T c SQUID recordings. The white noise level of the high-T c SQUID employed was reported to be from approximately 50 fT= ffiffiffiffiffi ffi Hz p down to a frequency of about 10 Hz. This level of sensitivity is not sufficient for use in whole-head systems since the typical distance between the (warm) wall of the cryostat and the subject's head usually exceeds 10 mm in helmet-shaped cryostats. More importantly, source analysis of neuromagnetic data using high-T c SQUIDs has not been demonstrated yet.
Very recently, Faley and colleagues 16, 17 showed that improvements in the fabrication of high-T c SQUIDs have significantly improved the sensitivity and reproducibility of high-T c SQUIDs such that liquid nitrogen-cooled SQUIDs are now comparable to low-T c SQUIDs in this regard. In this study, we report a neuromagnetic source localization utilizing a single-channel, high-T c SQUID. We have validated and compared our results to those obtained using a commercial low-T c SQUID MEG system.
In a single subject (male, age 51, right handed), spontaneous brain activity as well as neuromagnetic field changes in response to binaural stimulation (300 trials in one run) were recorded using a single high-T c SQUID 16, 18 ( Fig. 1) . The same experiment was repeated using the 4D-Neuroimaging Magnes 3600 WH system, a whole-head magnetometer with 248 low-T c SQUIDs. Since we only had access to a single high-T c SQUID, the MEG signals in response to the auditory stimulation were recorded at 16 different locations in separate runs over the left temporal lobe. The time-frequency analysis (TFA) revealed clear changes in alpha power (8-12 Hz) for both measurements using the low-T c and high-T c SQUID systems. Figure 2 shows spectrograms for the frequency range around the alpha rhythm. The figure illustrates the de-synchronization of alpha rhythms upon opening the eyes, while during the "eyes closed" phase, the alpha power is increased dramatically, as expected. Although the experimental conditions for the high-T c SQUID measurement were more exhausting for the subject (the positioning of the subject was not as comfortable as compared to commercial low-T c SQUID systems), the spectrograms resemble and show a clear difference between eyes open and closed. 20 Auditory evoked field responses were recorded using both the low-T c and high-T c SQUID systems, where single click tones (50 ms duration, 1 kHz) were randomly presented binaurally (SOA ¼ stimulus onset asynchrony ¼ 1.8 s 6 .3 s), using 300 trials for each measurement location. Neuromagnetic activity was recorded continuously with a sampling rate of 678.17 Hz and a bandwidth ranging from DC to 200 Hz. All tone onsets were corrected by À19 ms, due to the delay of the sound delivery system, while an additional delay of 6 ms was subtracted for the high-T c SQUID measurement due to a constant delay of the high-T c SQUID readout electronics.
For the high-T c runs, the distance between the subject's head and the bottom of the Dewar was about 5-15 mm, while the distance between the pickup-coil and the outer Dewar wall is about 10 mm. Hence, the total distance was approximately 20 mm. For the low-T c measurement, the distance between the subject's head and the pickup-coils is about 23 mm.
In both measurements, we obtained more than 290 artifact-free trials recorded over the left temporoparietal area and the entire brain region using the single channel high-T c SQUID and whole head magnetometer system, respectively.
21 Figure 3 shows the MEG signal averages in response to binaural auditory stimulation. The figure shows For source localization, all trials were averaged based on stimulus onset. A single dipole fit analysis 22 was performed using 50 channels and 16 positions located above the left hemisphere for the low-T c and high-T c SQUID measurement, respectively. The choice of channels for the whole head system was motivated by the pre-defined channel group "Sys:Left" from 4D-Neuroimaging, which includes 50 channels covering a large part of the temporal lobe including the area above the left auditory cortex. Dipolar field patterns can be seen on both low-T c and high-T c SQUID topographic field maps (Fig. 4) . The iso-contour of the evoked fields is shown for the peak latency around 100 ms after stimulus onset (Fig. 3) . The field distribution measured by the high-T c SQUID system at 16 different positions resembles the field map of the low-T c SQUID system in this area and clearly covers the zero-field-line indicating the location of the source.
To localize the origin of these dipolar field maps, we applied the single dipole fit algorithm, as provided by the 4D-Neuroimaging MEG system. 22 Since the low-T c SQUID measurement serves as a reference, we kept the larger number of channels for source analysis of these data.
The dipolar source was estimated using a time window of 50 ms ranging from 60 to 110 ms. The dipole with the best goodness-of-fit (GoF) 22, 23 value from the low-T c SQUID measurement was chosen for comparison and was found to be maximal at 104 ms after stimulus onset (Table I) . Both measurements (high-T c and low-T c SQUID recordings) revealed a dipolar source that best explains the measured data by means of the best goodness-of-fit in the region of the left primary auditory cortex as expected (Fig. 4) . The result for the single high-T c SQUID system is in very good agreement with the location obtained by the low-T c SQUID system. Table I shows that both location and direction of the source estimations are indeed comparable, where the high-T c SQUID source analysis revealed a displacement of only 7 mm when compared to the results obtained by the low-T c SQUID system.
Operation of MEG devices at liquid nitrogen temperatures (77 K) does have some significant economic and technical advantages, and both early and recent publications reported recordings of neuromagnetic brain activity utilizing high-T c SQUID.
9,13-15 However, for a long time it seemed that the noise level of high-T c SQUID is just too high to localize magnetic brain activity. Very recently, significant improvements in the design and manufacturing of high-T c SQUIDs were reported by Faley and colleagues 16, 17 indicating that it would indeed be possible to use high-T c SQUIDs for MEG applications. In a first series of tests, we have tried to find out, if this sensor technology is suitable not only for the detection of evoked brain signals but also for the provision of a signal-to-noise ratio (SNR) sufficient for time frequency analysis and source localization of evoked brain TABLE I. Source coordinates from single dipole analysis of auditory evoked responses using data recorded using a commercial low-T c SQUID system (using 50 channels) and a single high-T c SQUID recorded at 16 different positions above the left temporoparietal area. Coordinates are provided in the individual subject frame space, where x, y and z are pointing to the nose, left ear, and top of the head. GoF refers to the goodness-of-fit quality measure. Although atomic magnetometers seem to be a promising approach, the problem with the current technology is that its sensitivity, in particular, in the low frequency range, is currently not sufficient for source localization in MEG. Improvements of this technology have been recently reported, where the authors claim that the new atomic magnetometers provide a sensitivity better than 1 fT= ffiffiffiffiffi ffi Hz p and do not need to be shielded from Earth's magnetic field. 24 To date, convincing evidence is still missing showing the capability of neuromagnetic source localization using atomic magnetometers. In contrast, SQUIDs can be configured as gradiometric superconducting flux transformers that intrinsically remove environmental noise during the measurement by recording the gradient of the magnetic flux. The advantage of using high-T c SQUIDs for neuromagnetic recordings is that long-standing experience in SQUID, SQUID readout electronics and Dewar technology exist. Therefore, a potential change from low-T c SQUID to high-T c SQUID for MEG is expected to be straightforward. Moreover, operating at 77 K allows, in principle, for a much thinner thermal insulation compared to low-T c SQUID systems. 15 For such a system, the closer source-to-sensor distance will improve the signal-to-noise ratio, which in turn will have a positive effect on the source localization.
In conclusion, our results encourage and may pave the way for the development of multi-channel high-T c SQUID-based MEG systems. In the long term, we expect to replace low-T c SQUIDs with high-T c SQUIDs for many applications in future MEG systems. Such an upgrade would make future MEG systems independent from helium supplies, much cheaper to operate, and more user-friendly. More importantly, the availability of liquid nitrogen is guaranteed, in contrast to liquid helium.
